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Global protein synthesis arrest occurs in Autographa californica nucleopolyhedrovirus (AcNPV)-infected Ld652Y cells at
late times postinfection (p.i.). A Lymantria dispar nucleopolyhedrovirus gene, hrf-1, precludes this protein synthesis arrest. We
used in vitro translation assays to characterize the translation defect. Cell-free lysates prepared from uninfected Ld652Y
cells, AcNPV-infected cells harvested at early times p.i., and cells infected with vAchrf-1, a recombinant AcNPV bearing hrf-1,
all supported translation. Lysates prepared from AcNPV-infected Ld652Y cells at late times p.i. did not support translation,
but activity was restored by adding small RNA species from mock-, vAchrf-1- (24 or 48 h p.i.), and AcNPV- (6 h p.i.) infected
cells. Small RNA species (24 and 48 h p.i.) from AcNPV-infected cells did not rescue translation. Assays of RNA species
further fractionated by ion exchange chromatography demonstrated that tRNA rescued translation. Although specific
defective tRNA species were not revealed by comparative two-dimensional gel analysis, analysis of 32P-labeled tRNAs
showed a reduction in de novo synthesis of small RNA isolated from AcNPV-infected cells compared with mock- and
vAchrf-1-infected cells. This study suggests a mechanism of translation arrest involving defective or depleted tRNA species
in AcNPV-infected Ld652Y cells. © 1999 Academic PressKey Words: baculovirus; in vitro translation; host range; hrf-1.
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Autographa californica nucleopolyhedrovirus (AcNPV)
s a member of the Baculoviridae, a large family of dou-
le-stranded DNA-containing viruses that infect arthro-
ods. In nature, most baculoviruses replicate success-
ully in a limited number of host species, but the mech-
nisms governing host-range restrictions are poorly
nderstood. AcNPV has a relatively broad host range
ompared with most baculoviruses in both insect larvae
Gro¨ner, 1986) and cell culture (Hink, 1979; Hink and Hall,
989). Several baculovirus genes that influence the abil-
ty of AcNPV to replicate in different cell lines have been
dentified. Two types of apoptotic suppressors, p35 and
ap (inhibitor of apoptosis), prevent the induction of pro-
rammed cell death in baculovirus-infected cells. Dele-
ion of p35 severely limited the ability of AcNPV to rep-
icate in Sf21 cells but not in Tn368 cells (Clem et al.,
991). iaps isolated from Cydia pomonella granulovirus
CpGV) (Crook et al., 1993) and Orgyia pseudotsugata
PV (OpNPV) (Birnbaum et al., 1994) could functionally
eplace p35 in AcNPV. In addition, different viral factors
re needed to support AcNPV replication in different cell
ines. A late expression factor, lef-7, that is required for
1 Present address: Department of Biology, Bloomington, Indiana
7405.
2 To whom reprint requests should be addressed at 243 Natural
bcience. Fax: (517) 353-5598. E-mail: smthiem@pilot.msu.edu.
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222cNPV replication in Sf21 cells is not required for repli-
ation in Tn368 cells (Lu and Miller, 1995; Chen and
hiem, 1997). However, another factor, hcf-1 (host cell
actor 1), is required for AcNPV replication in Tn368 cells
nd in BTI-TN5B1-4 (Hi5) cells (Lu and Miller, 1995, 1996).
eplacement of a small region of the AcNPV p143 heli-
ase gene with the homologous region from the Bombyx
ori NPV p143 enables AcNPV to replicate in nonper-
issive BmN cells (Kamita and Maeda, 1993; Maeda et
l., 1993; Croizier et al., 1994).
AcNPV does not productively infect the gypsy moth
ymantria dispar or the L. dispar-derived cell line Ld652Y.
n AcNPV-infected Ld652Y cells, a novel virus–host effect
s observed (Guzo et al., 1992; McClintock et al., 1987,
986). The virus enters the cells; viral DNA is replicated
Morris and Miller, 1993, 1992; McClintock et al., 1986);
nd viral and host mRNAs are transcribed normally and
ransported to the cytoplasm (Guzo et al., 1992). All tem-
oral classes of viral mRNAs are produced, are the
orrect size, and can be translated in vitro (Guzo et al.,
992). However, both viral and host cellular protein syn-
hesis is shut down at late times postinfection (p.i.), and
o viral progeny are produced (Guzo et al., 1992; Mc-
lintock et al., 1987, 1986). A gene from L. dispar nuclear
olyhedrosis virus (LdNPV), host range factor 1 (hrf-1),
hat precluded global protein synthesis shutdown and
llowed a productive infection, was subsequently iden-
ified and cloned (Thiem et al., 1996). vAchrf-1, a recom-
inant AcNPV bearing hrf-1, replicates in Ld652Y cells
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223PROTEIN SYNTHESIS ARREST IN AcNPV-INFECTED CELLSith similar kinetics as AcNPV infections of permissive
ell lines (Du and Thiem, 1997a). hrf-1 did not function as
n apoptotic suppressor, as it could not functionally
eplace p35 in Ld652Y or Sf21 cell lines (Du and Thiem,
997b). In addition, in contrast to AcNPV, vAchrf-1 is
nfectious to L. dispar larvae by the normal oral route
Chen et al., 1998), indicating that it is a true host-range
ene. Searches of nucleotide and protein sequence da-
abases revealed no similarity to genes, proteins, or
rotein motifs of known function that could provide clues
bout how hrf-1 might function to preclude protein syn-
hesis arrest and promote AcNPV replication in L. dispar
ell lines and larvae.
As a means for understanding the function of hrf-1,
e sought to ascertain the nature of the protein syn-
hesis defect in AcNPV-infected Ld652Y cells. In this
tudy, we investigated protein synthesis shutdown in
cNPV-infected Ld652Y cells using cell-free transla-
ion assays. We found that the in vitro translation
bility of translation-deficient lysates from AcNPV-
nfected cells isolated at late times p.i. could be re-
tored by adding small RNA species from mock- or
Achrf-1-infected cells or from AcNPV-infected cells
t early, but not late, times p.i. The rescuing species
ractionated with tRNA. In addition, translation arrest
n AcNPV-infected Ld652Y cells was correlated with
nhibition of de novo synthesis of small RNA. This
nhibition was reduced in AcNPV infections of permis-
ive cells or in vAchrf-1-infected Ld652Y cells. Identi-
ication and characterization of the tRNA species
hat rescue protein synthesis arrest are the first step
n understanding the mechanism responsible and
ould help reveal the role of hrf-1 in precluding global
rotein synthesis arrest in AcNPV-infected Ld652Y
ells.
FIG. 1. Autoradiogram of electrophoretically separated [35S]methi-
nine-labeled proteins synthesized in vitro by Ld652Y cell lysates.
umbers above the lanes indicate the time p.i. (h) that cells were
arvested and lysates prepared. Lane 1, mock-infected cells; lanes 2–4,ccNPV-infected cells; lanes 5–7, vAchrf-1-infected cells.RESULTS
rotein synthesis arrest occurs in lysates
rom AcNPV-infected cells
A cell-free translation system was used to investigate
he translation defect in AcNPV-infected Ld652Y cells.
ranslation lysates were prepared from mock-, AcNPV-,
nd vAchrf-1-infected Ld652Y cells essentially as de-
cribed by Carroll and Lucas-Lenard (1993). In vitro
ranslation abilities of the cytoplasmic lysates were as-
essed by monitoring incorporation of [35S]methionine
nto newly synthesized proteins. Lysates from mock-
nfected Ld652Y cells and from AcNPV-infected Ld652Y
ells at early times p.i. showed normal in vitro translation
bilities (Fig. 1, lanes 1 and 2), whereas lysates from
cNPV-infected Ld652Y cells at 12–28 h p.i. did not (Fig.
, lanes 3 and 4). The inability of lysates prepared at late
imes p.i. to translate protein in vitro correlated with the
iming of protein synthesis arrest in infected cells (Du
nd Thiem, 1997b; Guzo et al., 1992). No translation
rrest was seen in lysates prepared from cells infected
ith vAchrf-1 (Fig. 1, lanes 5–7), consistent with the fact
hat hrf-1 precludes protein synthesis shutdown in these
ells. Because translation of endogenous mRNA was
onitored, the difference in protein profiles between
irus- and mock-infected cells presumably reflects the
resence of viral mRNAs.
cNPV-induced translation arrest can be rescued in
itro by mock-infected lysates or total RNA
The lack of translation activity in lysates prepared from
cNPV-infected Ld652Y cells at late times p.i. suggested
hat either an inhibitor of protein synthesis was produced
uring infection or infected cells were deficient in some
actor vital for translation. To investigate these possibil-
ties, lysates from mock- and AcNPV-infected Ld652Y
FIG. 2. Autoradiogram of electrophoretically separated [35S]methi-
nine-labeled proteins synthesized in vitro using different ratios of
ock-infected to AcNPV-infected Ld652Y cell lysates. AcNPV-infected
ell lysates were prepared 48 h p.i. The table above the figure indicates
he ratio of mock-infected (M) to AcNPV-infected (A) cell lysate used in
ach reaction.ells prepared 48 h p.i. were combined in different ratios
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224 MAZZACANO, DU, AND THIEMnd assayed for translation activity (Fig. 2). Protein syn-
hesis was observed at all ratios of lysates tested and
as not inhibited by infected cell lysates. Translation
ctivity was observed even when reactions contained
nly 10% mock- and 90% AcNPV-infected lysate (Fig. 2,
ane 11). The inability of lysate from AcNPV-infected cells
o abolish translation activity in mock-infected lysates
ndicated that no soluble translation inhibitor was
resent in infected cells. Furthermore, translation activity
n reactions containing 10% mock- and 90% AcNPV-
nfected lysate indicated that low levels of a factor or
actors from mock-infected cells were sufficient to over-
ome the translation arrest.
To identify candidate factors, lysate from mock-
nfected Ld652Y cells was separated by centrifugation
nto two crude fractions: a supernatant enriched in pro-
eins and soluble factors, and a pellet enriched in ribo-
omes. When these fractions were added to in vitro
ranslation reactions containing lysate from AcNPV-
nfected cells (20 h p.i.), the pellet, but not the superna-
ant, was able to rescue translation (Fig. 3, lanes 4 and
). This suggested the possible involvement of RNA, as
pposed to soluble protein, in the translation arrest.
We then tested the ability of RNA to rescue protein
FIG. 3. Autoradiogram of electrophoretically separated [35S]methi-
nine-labeled proteins synthesized in vitro using AcNPV-infected
d652Y cell lysate supplemented with different cell fractions or total
NA. Lane 1, mock-infected cell lysate; lane 2, AcNPV-infected cell
ysate (20 h p.i.); and lanes 3–9, AcNPV-infected cell lysate supple-
ented with mock-infected cell lysate (lane 3), mock-infected cell
upernatant or ribosomal fractions (lanes 4 and 5), or total RNA from
ock-infected cells (lane 6), 6 h p.i. AcNPV-infected cells (lane 7), 12 h
.i. AcNPV-infected cells (lane 8), and 24 h p.i. AcNPV-infected cells
llane 9). Size markers are shown at the left of the panel in kilodaltons.ynthesis arrest in vitro. Total RNA was isolated from
ock-infected Ld652Y cells at 24 h p.i. or from AcNPV-
nfected cells at 6, 12, and 24 h p.i. and added to in vitro
ranslation assays containing lysate from AcNPV-
nfected Ld652Y cells. Total RNA from mock- or AcNPV-
nfected Ld652Y cells at 6 h p.i. rescued the translation
rrest in lysate from AcNPV-infected Ld652Y cells (Fig. 3,
anes 6 and 7). However, total RNA isolated from infected
ells at 12 or 24 h p.i. did not restore protein synthesis
Fig. 3, lanes 8 and 9).
NA fractions isolated from insect cells rescue
cNPV-induced translation arrest in vitro
In AcNPV-infected Ld652Y cells, translation of both
ost and viral proteins is arrested, but viral mRNA iso-
ated from AcNPV-infected Ld652Y cells is synthesized
ormally (Morris and Miller, 1993; Guzo et al., 1992) and
s translatable in a rabbit reticulocyte system (Guzo et al.,
992). Because translatable mRNA is present in infected
ells, the ability of total RNA to rescue translation in vitro
mplied a defect or deficiency in an RNA species other
han mRNA. Surprisingly, the addition of commercial
reparations of tRNA from calf liver and yeast, but not
rom Escherichia coli, to translation reactions restored
rotein synthesis in AcNPV-infected lysates (Fig. 4, com-
are lanes 4–13 with 14–18). This suggested that one or
ore tRNA species might be depleted or defective in
cNPV-infected Ld652Y cells. Although the soluble frac-
ion from uninfected cell lysates would presumably con-
ain tRNAs, supernatant from mock-infected cells was
nable to rescue translation in a previous experiment
Fig. 3). However, the amount of tRNA in the crude frac-
ion that was added to the translation reactions may have
een insufficient to rescue translation in vitro.
We then examined the ability of different RNA frac-
ions isolated from infected and uninfected Ld652Y
ells to rescue translation in lysates prepared from
cNPV-infected Ld652Y cells. Total RNA isolated from
ock- (24 h p.i.), AcNPV- (6, 24, and 48 h p.i.), and
Achrf-1- (24 and 48 h p.i.) infected Ld652Y cells was
ractionated into small- and large-size classes by dif-
erential precipitation. These preparations were then
ested for their ability to restore protein synthesis in
cNPV-infected cell lysates prepared at 24 and 48 h
.i. Commercial preparations of yeast tRNA were used
s positive controls because they were previously
hown to rescue translation (Fig. 4). Yeast tRNA (Fig. 5,
ane 2) or small RNA isolated from mock- (Fig. 5, lane
) and vAchrf-1-infected cells any time p.i. (Fig. 5,
anes 11 and 13) restored protein synthesis, as did
mall RNA from AcNPV-infected cells at 6 h p.i., a time
efore protein synthesis arrest in infected cells (Fig. 5,
ane 5). However, small RNA isolated from AcNPV-
nfected cells at 24 or 48 h p.i. did not restore trans-
ation ability (Fig. 5, lanes 7 and 9). Interestingly, large
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225PROTEIN SYNTHESIS ARREST IN AcNPV-INFECTED CELLSNA isolated from all mock- or virus-infected cells also
estored protein synthesis in vitro, including the large
NA fraction from AcNPV-infected cells at late times
.i. when protein synthesis is arrested (Fig. 5, lanes 4,
, 8, 10, 12, and 14). The inability of the small RNA
ractions isolated from AcNPV-infected cells at late
imes p.i. to rescue translation suggests that protein
ynthesis arrest is due to a defect or depletion of an
NA species that would normally fractionate in this
ool.
FIG. 4. Autoradiogram of electrophoretically separated [35S]methion
ysate supplemented with tRNA. Triangles above the lanes indicate incr
ane 1, mock-infected cell lysate; lane 2, AcNPV-infected lysate (20 h p
ell lysate (lane 3), calf liver tRNA (lanes 4–8), yeast tRNA (lanes 9–13), a
FIG. 5. Autoradiogram of electrophoretically separated [35S]methi-
nine-labeled proteins synthesized in vitro using AcNPV-infected
d652Y cell lysates (24 h p.i.) supplemented with small or large RNAs
6 mg). Lane 1, AcNPV-infected lysate; lane 2, AcNPV-infected lysate
upplemented with yeast tRNA; lanes 3–14, AcNPV-infected lysate
upplemented with small RNA (odd-numbered lanes) or large RNA
even-numbered lanes) isolated from mock-infected cells (lanes 3 and
); AcNPV-infected cells at 6 h p.i. (lanes 5 and 6), 24 h p.i. (lanes 7 and
), or 48 h p.i. (lanes 9 and 10); and vAchrf-1-infected cells at 24 h p.i.flanes 11 and 12) or 48 h p.i. (lanes 13 and 14).RNA from mock-infected Ld652Y cells rescues
cNPV-induced translation arrest
To determine which component or components of the
NA populations were responsible for translation res-
ue, RNA obtained by differential precipitation was frac-
ionated further by ion exchange chromatography. Un-
ractionated small RNA contained several different RNA
ize classes (Fig. 6A, lanes 1 and 8). However, the small
NA fraction that eluted from the column at 0.5 M NaCl
ontained only tRNA (Fig. 6A, lanes 4 and 11). In contrast,
ractions eluting from the column at higher salt concen-
rations (0.8–0.9 M) contained little or no tRNA (Fig. 6A,
anes 7 and 14). In RNA isolated from uninfected Ld652Y
ells, 1 mg from the 0.5, 0.6, or 0.7 M NaCl fractions, but
ot from the 0.8 or 0.9 M NaCl fractions, rescued trans-
ation in arrested lysates (data not shown). This sug-
ested that tRNA alone was required to restore protein
ynthesis in lysates from AcNPV-infected cells. This was
onfirmed by the ability of as little as 0.01 mg of RNA from
he 0.5 M NaCl fraction from uninfected Ld652Y cells to
escue AcNPV-induced translation arrest (Fig. 6C, lane
). In contrast, addition of up to 2 mg of tRNA from 48 h
.i. AcNPV-infected cells did not restore translation ac-
ivity (data not shown).
The large RNA isolated by differential precipitation also
ontained a variety of small RNAs, including tRNA (Fig. 6B,
anes 1 and 8). Although it was not possible to isolate a
raction from the large RNA that contained tRNA alone, the
ajority of tRNA eluted from the column at 0.5–0.6 M NaCl
Fig. 6B, lanes 3, 4, 10, and 11). Interestingly, 2.0 mg of RNA
eled proteins synthesized in vitro using AcNPV-infected Ld652Y cell
quantities of tRNA added to translation reactions (0, 4, 8, 16, or 32 mg).
lanes 3–18, AcNPV-infected lysate supplemented with mock-infected
li tRNA (lanes 14–18). Size markers are shown at the left in kilodaltons.ine-lab
easing
.i.); androm these fractions could rescue AcNPV-induced transla-
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226 MAZZACANO, DU, AND THIEMion arrest in vitro (Fig. 6D, lanes 3 and 5), whereas the
ame quantity of RNA from the 0.7–0.9 M fractions, con-
aining proportionately less tRNA, did not rescue protein
ynthesis (Fig. 6D, lanes 6–10). This suggests that the
bility of large RNA from AcNPV-infected cells to rescue
ranslation in vitro observed previously (Fig. 5) was likely
ue to the presence of tRNA. These results indicated that
RNA alone is required to rescue the AcNPV-induced trans-
ation arrest in vitro and suggest that one or more species
f tRNA in infected cells become damaged or depleted at
FIG. 6. Silver staining of fractions obtained by ion-exchange ch
cNPV-infected (48 h p.i.) Ld652Y cells. (A) Unfractionated small RNA (
lanes 2 and 9), 0.4 M (lanes 3 and 10), 0.5 M (lanes 4 and 11), 0.6 M
nfractionated large RNA (lanes 1 and 8); RNA eluted from the column
(lanes 4 and 11), 0.7 M (lanes 5 and 12), 0.8 M (lanes 6 and 13), an
35S]methionine-labeled proteins synthesized in vitro using AcNPV-infec
aCl column fraction) from uninfected Ld652Y cells. Lane 1, AcNPV-infe
.1, 0.2, 0.4, 0.6, 0.8, 1.0, or 2.0 mg of Ld652Y tRNA. (D) Autoradiogram o
n vitro using AcNPV-infected Ld652Y cell lysates (48 h p.i.) supplemente
cNPV-infected lysate supplemented with 0.5 or 2.0 mg of RNA eluted fr
.7 M (lanes 6–7), 0.8 M (lanes 8–9), and 0.9 M (lane 10, 4 mg of RNAate times p.i. emall RNA synthesis is inhibited during
onpermissive AcNPV infections
Potential differences in banding patterns between
RNA isolates from uninfected or AcNPV-infected cells
ere difficult to detect using one-dimensional electro-
horesis (Fig. 6A, compare lanes 4 and 11). To determine
hether we could visualize changes to specific tRNA
amilies during infection, we analyzed radiolabeled tRNA
rom AcNPV-infected Ld652Y cells by two-dimensional
graphy of small RNA (A) and large RNA (B) from uninfected and
and 8); RNA eluted from the column at NaCl concentrations of 0.3 M
s 5 and 12), 0.7 M (lanes 6 and 13), and 0.8 M (lanes 7 and 14). (B)
l concentrations of 0.4 M (lanes 2 and 9), 0.5 M (lanes 3 and 10), 0.6
(lanes 7 and 14). (C) Autoradiogram of electrophoretically separated
52Y cell lysates (48 h p.i.) supplemented with tRNA (small RNA, 0.5 M
sate; lanes 2–10, AcNPV-infected lysate supplemented with 0.01, 0.05,
rophoretically separated [35S]methionine-labeled proteins synthesized
large RNA column fractions. Lane 1, AcNPV-infected lysate; lanes 2–10,
column at NaCl concentrations of 0.5 M (lanes 2–3), 0.6 M (lanes 4–5),romato
lanes 1
(lane
at NaC
d 0.9 M
ted Ld6
cted ly
f elect
d with
om the
).lectrophoresis. No apparent differences in tRNA pro-
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227PROTEIN SYNTHESIS ARREST IN AcNPV-INFECTED CELLSiles between infected and uninfected cells were re-
ealed by silver staining, but a striking difference in the
mount of radiolabeling was observed. In Ld652Y cells
arvested at 24 h p.i., tRNA from mock-infected cells was
eavily labeled but almost no label was detected in
cNPV-infected cells (Fig. 7A, top row), although similar
mounts of tRNA were loaded (Fig. 7B, top row). In
Achrf-1-infected Ld652Y cells, tRNA labeling was much
ore intense than that in AcNPV-infected cells, although
ot as intense as that in mock-infected cells. Similar
bservations were made for Ld652Y cells harvested at
8 h p.i., but the differences between samples are less
bvious due to unequal loading (Figs. 7A and 7B, second
ow). Although the tRNA profiles of infected and unin-
ected cells were similar, this technique may not be
ensitive enough to detect changes in a minor tRNA
FIG. 7. Autoradiograms of [32P]orthophosphate-labeled small RNA (A
cNPV-, and vAchrf-1-infected cells. Cell line designations are shown
abeled from 42–48 h p.i.pecies. However, the extreme reduction in labeling of (he entire tRNA population in AcNPV-infected Ld652Y
ells suggested the possibility that de novo synthesis of
ll small RNA is inhibited during infection and that this
nhibition is reduced in the presence of hrf-1. This defect
n small RNA synthesis could lead to depletion of one or
ore minor tRNA species, resulting in protein synthesis
rrest.
To determine whether inhibition of small RNA synthe-
is was a common feature of AcNPV infections, we
xamined two-dimensional gel profiles of tRNA from per-
issive and nonpermissive cells infected with AcNPV.
mN cells are nonpermissive for AcNPV and undergo
lobal protein synthesis arrest during AcNPV infection
Kamita and Maeda, 1993). Labeled tRNAs from AcNPV-
nfected BmN cells were practically undetectable in con-
rast to intensely labeled tRNAs from mock-infected cells
ubsequent silver staining of small RNA pools (B) isolated from mock-,
eft of the panel. Row 1, cells labeled from 18–24 h p.i.; rows 2–4, cells) and s
at the lFig. 7A, third row), although silver staining revealed that
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228 MAZZACANO, DU, AND THIEMhe gels were loaded with comparable amounts of tRNA
Fig. 7B, third row). Small RNA synthesis in vAchrf-1-
nfected BmN cells was also attenuated (Fig. 7), consis-
ent with the inability of vAchrf-1 to generate a productive
nfection in BmN cells (data not shown). These results
uggested that the protein synthesis arrest observed in
cNPV-infected Ld652Y and BmN cells might be medi-
ted by similar defects in small RNA synthesis. In con-
rast, when we examined small RNA synthesis in the
ermissive cell lines TN368, Sf-21, and Hi5 (Fig. 7, bottom
ow and data not shown), radiolabeling was less se-
erely attenuated. Small RNA isolated from permissive
ells infected with either AcNPV or vAchrf-1 showed a
ecrease in intensity of labeling compared with mock-
nfected cells (Fig. 7A, bottom row), but the inhibition of
mall RNA synthesis was not as severe as that seen in
cNPV-infected Ld652Y cells. Furthermore, unlike in Ac-
PV-infected Ld652Y cells, there was a better correlation
etween labeling intensity of tRNAs and the amount of
NA revealed by silver staining (Fig. 7B, bottom row).
aking the continued growth of mock-infected cells into
ccount, this suggests that small RNA synthesis is re-
uced in nonpermissive cells compared with permissive
ells.
DISCUSSION
We investigated protein synthesis arrest in AcNPV-
nfected Ld652Y cells. Cell-free translation assays were
stablished using lysates from infected and uninfected
d652Y cells and used to determine the cause of the
ranslation arrest. In mixing experiments, mock-infected
ysates were able to rescue translation in infected cell
ysates at all ratios tested, even at 9:1 infected- to mock-
nfected lysate. These results suggest that the transla-
ion arrest was not due to an inhibitor produced in the
rrested cells but more likely the result of a necessary
actor becoming depleted or defective. Translation arrest
n lysates prepared from AcNPV-infected cells late in
nfection was rescued by commercial tRNA and small
NA fractions isolated from uninfected Ld652Y cells, but
ot by small RNA fractions isolated from AcNPV-infected
ells late in infection, suggesting that the factor was a
RNA or other small RNA species. The low amounts of
ock lysates and small RNA fractions required for res-
ue further suggested that the factor is most likely a
inor RNA species.
Using ion-exchange chromatography, we obtained a
raction from the small RNA pool consisting only of tRNA.
he ability of this RNA fraction from uninfected cells, but
ot from AcNPV-infected cells at late times p.i., to rescue
ranslation in vitro suggests the hypothesis that one or
ore tRNA species becomes damaged or depleted dur-
ng AcNPV infection. Large RNA from both uninfected
nd AcNPV-infected cells also rescued translation in
itro. Electrophoretic analysis of the large RNA fraction pevealed the presence of substantial amounts of small
NAs. Furthermore, after ion-exchange chromatography,
nly those large RNA fractions containing significant
mounts of tRNA were able to rescue protein synthesis
rrest. Therefore, a likely explanation of the ability of the
arge RNA to rescue translation was that sufficient quan-
ities of the necessary tRNAs were present in this frac-
ion. If a greater proportion of this tRNA fractionated with
he large RNA, the continuing damage/depletion of the
pecies as infection progressed may have reduced the
mount of the critical tRNA in the small RNA fraction to
evels insufficient to rescue translation, whereas a suffi-
ient quantity still remained in the large fraction.
Previous studies have shown that protein synthesis
rrest during virus infection can be mediated by a defect
n a single tRNA species. In certain strains of E. coli,
nfection with phage T4 induces a nuclease that specif-
cally cleaves the host cellular tRNAlys (Snyder, 1995;
mitsur et al., 1987). However, wild-type T4 expresses a
olynucleotide kinase and RNA ligase that repair the
RNA and allow translation to resume (Amitsur et al.,
987). Interferon-induced protein synthesis arrest in
ouse L cells was due to defects in several minor
pecies of tRNAleu (Zilberstein et al., 1976). In an attempt
o visualize potential differences in tRNA profiles that
ould reflect damage or depletion of a particular species,
e examined tRNA from infected and uninfected cells on
wo-dimensional polyacrylamide gels. No apparent dif-
erences were seen between tRNA profiles from mock-,
cNPV-, and vAchrf-1-infected Ld652Y cells. However,
hen nucleic acids were labeled by incubating the cells
ith [32P]orthophosphate, we found a noticeable reduc-
ion in newly synthesized tRNAs and other small RNAs in
cNPV-infected cells compared with mock- and vAchrf-
-infected cells. This suggested that transcription by
NA polymerase III was attenuated in these cells. Less
nhibition of small RNA synthesis was observed in cell
ines permissive for AcNPV infection, indicating that at-
enuation of RNA pol III-transcribed genes is not a uni-
ersal feature of baculovirus infections. However, be-
ause inhibition of translation has been demonstrated to
ttenuate RNA pol III transcription (Wang et al., 1997;
okal et al., 1986), it remains to be determined whether
his apparent inhibition of transcription contributes to
ranslation arrest or is caused by it.
It is still unclear what triggers translation arrest in
cNPV-infected Ld652Y cells or how hrf-1 precludes the
rrest. Because translation is rescued by tRNA isolated
rom mock-infected but not AcNPV-infected Ld652Y cells
t late times p.i., translation arrest in AcNPV-infected
d652Y cells appears to be due to loss of or damage to
tRNA species. The ability of small RNA isolated from
Achrf-1-infected cells to rescue AcNPV-induced trans-
ation arrest in vitro indicates that hrf-1 precludes this
efect. However, we do not yet know whether hrf-1 re-
airs the tRNA defect, similar to phage T4 religation of
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229PROTEIN SYNTHESIS ARREST IN AcNPV-INFECTED CELLSleaved host tRNAlys (Amitsur et al., 1987) or whether it
revents the defect from occurring. Future studies will
ocus on isolating and characterizing the specific tRNA
nvolved in translation rescue to determine whether pro-
ein synthesis is mediated by a defective or depleted
RNA and to better understand the mechanism respon-
ible.
MATERIALS AND METHODS
ells and viruses
SF-21 (Vaughn et al., 1977), Ld652Y (Goodwin et al.,
978), TN368 (Hink, 1970), Hi5 (BTI-TN5B1-4; Wickham et
l., 1992), and BmN (BmN-4; Maeda, 1989) cells were
ultured at 27°C in TC100 medium (Life Technologies,
rand Island, NY) supplemented with 10% FBS and
.26% tryptose broth. Wild-type AcNPV variant L1 (Lee
nd Miller, 1978) and vAchrf-1 (Du and Thiem, 1997a)
ere propagated in SF-21 cells. In all experiments, cells
ere infected with virus in TC100 medium at a multiplic-
ty of infection of 10 plaque-forming U (PFU)/cell for 1 h;
ock infections were made with TC-100 medium.
reparation of cell-free translation lysate
Mock- or virus-infected cells (1–3 3 107) were har-
ested at different times postinfection, and translation
ysates were prepared as described by Carroll and Lu-
as-Lenard (1993), with minor modifications. Cells were
ollected by centrifugation at 500 g for 3 min; the pellets
ere washed once with 12 ml of ice-cold insect PBS, pH
.2 (O’Reilly et al., 1992), and repelleted as above. The
ellet was resuspended in 1 ml of cold insect PBS,
ransferred to a microfuge tube, and repelleted for 10 s at
4,000 g. Cells were kept in PBS for a maximum of 10 min
uring washing to prevent inactivation of translation ini-
iation factors. The cell pellet was resuspended in 1 ml of
ysolecithin lysis buffer [20 mM HEPES-KOH, pH 7.4, 100
M potassium acetate, 2.2 mM magnesium acetate, 2
M DTT, 0.1 mg/ml lysolecithin (L-a-lysophosphatidyl-
holine, palmitoyl; Sigma Chemical Co., St. Louis, MO)],
eld on ice for 40–50 s, and centrifuged 10 s at 14,000 g
n the microfuge. The pellet was resuspended in 0.5 ml of
ell mix buffer (25 mM HEPES-KOH, pH 7.4, 125 mM
otassium acetate, 2.8 mM magnesium acetate, 2.5 mM
TT, 1.25 mM ATP, 0.25 mM GTP, 6.25 U/ml creatine
hosphokinase, 37.5 mM creatine phosphate, 0.125 mM
mino acid mixture minus methionine), and the cells
ere lysed by pipetting 20 times with a 1-ml Rainin
icropipet followed by 10 passages through a 22-gauge
eedle. The lysed cells were held on ice for 5 min and
entrifuged for 20 s at 14,000 g, and supernatant was
ollected as cell-free translation lysate and stored in
liquots at 220°C . bn vitro translation
Translation assays were performed in a final volume of
5 ml containing 10 ml of total cellular lysate, 10 ml of cell
ix buffer, 20 U of RNase inhibitor, 20 mM hemin, and 0.8
Ci/ml [35S]methionine. For rescue assays using fraction-
ted lysate, 10 ml of either the supernatant or ribosome
raction was combined with 10 ml of lysate from 20 h p.i.
cNPV-infected cells. For RNA rescue experiments, 0–10
g of RNA was added. Endogenous mRNAs were the
emplates for protein synthesis in all translation assays.
eactions were incubated for 2 h at 30°C, terminated by
dding 20 ml of 23 sample buffer (125 mM Tris–HCl, pH
.8, 2% SDS, 10% b-mercaptoethanol, 20% glycerol, and
.002% bromophenol blue), and samples were analyzed
y SDS–PAGE (Laemmli, 1970). Gels were fixed for 30
in in 40% methanol–10% acetic acid, vacuum dried, and
ubjected to autoradiography.
ractionation of lysate
Total lysate for translation rescue experiments was
ubjected to crude fractionation to separate the ribo-
omes from other cytoplasmic factors. Mock-infected
ell lysate (0.5 ml) was centrifuged at 160,000 g for 2.5 h.
he supernatant was collected as the ribosome-free
raction, and the pellet, containing the ribosomes, was
esuspended in 0.5 ml of cell mix buffer.
solation of RNA
Total RNA was isolated according to a modification of
homczynski and Sacchi (1987). Mock- or virus-infected
ells (5 3 106 to 1 3 107) were harvested at 24 or 48 h p.i
y centrifugation for 10 min at 1500 g. The cell pellet was
ysed in 500 ml of solution D (4 M guanidinium thiocya-
ate, 0.5% N-lauroyl-sarcosine, 25 mM sodium citrate,
H 7.0, 0.1 M b-mercaptoethanol) and transferred to a
.5-ml Eppendorf tube. Then 50 ml of 2 M sodium acetate,
H 4.5, 500 ml of H2O-saturated phenol, and 100 ml of
hloroform/isoamyl alcohol (49:1) were added sequen-
ially, and the tubes were mixed by inversion after adding
ach reagent. The final suspension was shaken vigor-
usly for 10 s, incubated on ice for 15 min, and centri-
uged at 10,000 g, 4°C, for 20 min. The aqueous phase
as transferred to a fresh tube, an equal volume of
sopropanol was added, and the RNA was precipitated
vernight at 220°C. RNA was pelleted by centrifugation
or 10 min at 10,000 g, 4°C, rinsed once with 75% ethanol,
nd air dried for 5–10 min.
ractionation of RNA
Small and large RNA fractions were isolated using
ifferential salt precipitation according to a modification
f Zubay (1962). Total RNA was resuspended in 1.5 M
odium acetate, pH 4.6/1 M sodium chloride and incu-
ated on ice for 10 min to allow selective precipitation of
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230 MAZZACANO, DU, AND THIEMarge (ribosomal and messenger) RNA. The tubes were
entrifuged at 14,000 g for 30 min at 4°C, and the super-
atant (containing small soluble RNA, tRNA, and other
mall RNA species) was transferred to a fresh tube. The
arge RNA pellet was reextracted as above, and the two
upernatant fractions were combined. The extracted
arge RNA pellet was rinsed in 75% ethanol, air dried, and
esuspended in diethylpyrocarbonate (DEPC)-treated
2O. The small RNA in the extraction supernatant was
recipitated overnight in an equal volume of isopropanol,
elleted by centrifugation at 10,000 g for 20 min at 4°C,
insed in 75% ethanol, air dried, and resuspended in
EPC-treated H2O.
Differentially precipitated RNA was further fractionated
y ion exchange chromatography. Small or large RNA
200 mg) was diluted to a final volume of 1.5 ml in 20 mM
aOAc, pH 4.9/0.3 M NaCl. The sample was applied to a
.8 3 4-cm polypropylene gravity column packed with a
00- to 800-ml resin bed of DEAE-Sepharose FF, which
as preequilibrated in same buffer. The column was
eveloped with a step gradient of 20 mM NaOAc, pH 4.9,
ontaining 0.4, 0.5, 0.6, 0.7, 0.8, or 0.9 M NaCl in succes-
ion, at a flow rate of 1–2 ml/min. RNA in the eluted
ractions was precipitated overnight in an equal volume
f isopropanol, with 10 mg of glycogen as a carrier. The
NA was pelleted by centrifugation at 10,000 g for 20 min
t 4°C, rinsed in 70% ethanol, air dried, and resuspended
n DEPC-treated H2O. Aliquots from each fraction (0.5–1.0
g) were electrophoresed on a 10% polyacrylamide slab
el for 1 h at 200 V in 0.53 TBE and visualized by silver
taining according to the manufacturer’s specifications
Bio-Rad, Hercules, CA).
Radiolabeling of small RNA was performed by incu-
ating cells (2 3 106) in phosphate-free TC100 containing
mCi/ml [32P]orthophosphate from 18–24 or 42–48 h p.i.
he cells were harvested, small RNA was isolated, and
he final pellet was resuspended in 20 ml of DEPC-
reated H2O and visualized using two-dimensional gel
lectrophoresis.
wo-dimensional gel electrophoresis
Radiolabeled small RNA was visualized using two-
imensional slab gel electrophoresis according to a
odification of Ikemura and Dahlberg (1973). Samples
ere mixed with an equal volume (20 ml) of loading dye
50% glycerol, 0.02% bromophenal blue, 0.02% xylene
yanol) and loaded onto the first dimension gel, consist-
ng of 9.5% polyacrylamide, 0.5% bisacrylamide, 0.1%
mmonium persulfate, and 0.4% 3-dimethylaminopropi-
nitrile in 0.53 TBE buffer. Gels were run at 250 V for 2 h
n 0.53 TBE, and gel strips containing the tRNA were
liced out and laid onto a glass plate perpendicular to
he direction of the first dimension run. The remainder of
he casting sandwich was assembled around the strips,
nd the second dimension gel, consisting of 19% acryl- Hmide/1% bis, was poured to a level ;5 mm below the
RNA strips. Then 10% acrylamide was poured to sur-
ound the gel strips, and the gel was run overnight at 100
in 0.53 TBE. After electrophoresis, gels were wrapped
n Saran Wrap and subjected to autoradiography and
hen fixed and silver stained according to the manufac-
urer’s specifications (Bio-Rad).
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